We present the new advances in full field optical coherence microscopy, an alternative method to conventional optical coherence tomography (OCT). The experimental setup is based on a Linnik interferometer illuminated with a tungsten halogen lamp. En face tomographic images are obtained in real-time without scanning by computing the difference of two phase-opposed interferometric images recorded by a high-resolution CCD camera. The short coherence length of the source and the compensation of dispersion mismatch in the interferometer arms yield an optical sectioning ability with 0.8 im resolution in water. Transverse resolution of 1 .0 im is achieved by using microscope objectives with a numerical aperture of 0.5. A shot-noise limited detection sensitivity of 86 cIB can be reached with 2 s acquisition time. Highresolution images of the anterior segment of the rat eye are shown.
INTRODUCTION Optical coherence tomography (OCT) is an emerging technique for optical imaging of biological media with
micrometer-scale resolution. 1-5 OCT was first used for imaging the human retina. OCT has then been applied in imaging of various tissues.6'2 Most OCT systems are based on a fiber Michelson interferometer illuminated by a broad bandwidth laser. The axial resolution of OCT images is governed by the coherence length of the illumination source.
Conventional OCT using superluminescent diodes (SLD) produces images with 10-1 5 im axial resolution.
Improvements in axial resolution have been achieved by using femtosecond lasers.13"4 1 jim axial resolution was demonstrated recently using state of the art broadband femtosecond laser hn'5 Conventional OCT requires lateral scanning of the beam in one transverse direction to obtain cross-sectional images. We recently demonstrated ultrahigh-resolution full-field OCT using a white-light interference microscope associated with a CCD rr16'17 En face tomographic images could then obtained without scanning. The principle has been adopted by other 1819 We present in this paper the latest generation of our system with improved spatial resolution, increased image dimension, and reduced acquisition time. Images ofthe anterior segment ofthe rat eye are shown.
EXPERIMENTAL SETUP
The experimental setup (see Figure 1 ) is based on a bulk Michelson interferometer with identical water-immersion microscope objectives in both arms. This configuration is referred to as Liimik interferometer.2° The microscope is illuminated with a 1 50 W halogen Köhler illuminator. The surface of a YAG (Y3A15012) crystal is used as a low reflectivity reference mirror (2% with water). The interferometric images are recorded by a high-resolution CCD camera array (model lMl5 from DALSA, 1024x1024 pixels, 12 bits, 15 Hz). The CCD camera operates in 2x2 binning mode to increase the dynamic range. Due to the broad spectrum of the illumination source, interference occurs when the optical path lengths of the two interferometer arms are nearly equal. The interference signal is proportional to the light amplitude returning from the sample (multiplied by the amplitude of the light reflected by the reference mirror, which is uniform), multiplied by a narrow envelope that drops off rapidly to zero when the optical path length difference exceeds the coherence length of the source (-4 jim). The interferometric part of the images produced by the microscope therefore corresponds to an en face tomographic image of the sample micro-structures located around the plane of maximal coherence (defined by an optical path length difference of zero). To extract the amplitude of the interference signal in real-time, a piezoelectric (PZT) stage actuator (model P-753 from Polytech PT) makes the reference mirror oscillate at the frequency f = 7.5 Hz. This oscillation creates a modulation of the interference signal. The CCD camera is triggered at twice the frequency of the PZT oscillation (1 5 Hz) to acquire 2 images per modulation period. An number N of pairs of images can be accumulated to increase the dynamic range. The difference of these two images corresponds to an image of the coherent signal (i.e. a tomographic image). A visual C++ software has been developed for image acquisition control, calculation and display of the tomographic image in realtime.
RESOLUTION
Conventional OCT requires a large depth of field, equal to the vertical size of the cross-sectional images, to avoid scanning in the axial direction. Low numerical aperture (NA) objectives are therefore used, which limits the transverse resolution. En-face OCT images can also be produced by scanning the beam in two transverse directions.21 '22 In this configuration, high NA can be used to achieve high transverse resolution at the price of a considerable increase in acquisition time. Our full-field OCT technique produces en face tomographic images without scanning. We use microscope objectives with 0.3 or 0.5 NA, providing a theoretical transverse resolution of down to 0.7 tm at the wavelength 2 = 700 nm. We experimentally measured a maximum transverse resolution of 1 .0 tm.
The axial resolution of OCT images is determined by the coherence length of the illumination source, which is inversely proportional to the spectral bandwidth. The effective spectrum of the tungsten halogen lamp is actually considerably reduced by the spectral response of the silicon-based CCD: A 3 10 nm (FWHM) centered at =700 nm. The theoretical axial resolution in water is Az = 0.5 .tm. If dispersion mismatch occurs in the two interferometer arms, the axial resolution is however degraded.23 Since biological tissues consist mainly of water,24'25 using dry objectives would lead to a strong degradation of the axial resolution. If we consider for example tissues with dispersion dn/d2 = 2x105 (dispersion of water), the resolution is degraded by a factor of 3 (Az = 1. 5 .tm) at a depth of only 120 rim. To minimize dispersion mismatch, we use two identical water-immersion microscope objectives. In addition, antireflection-coated glass plates, placed in both arms of the interferometer, can be tilted to compensate for any residual dispersion mismatch. We measured an axial resolution ofO.8 .tm.
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SENSITIVITY
The detection sensitivity of our full-field OCT system depends on the full well charge capability sat of the CCD pixels. Our silicon CCD camera, operating in 2x2 binning mode, has a full well charge capability at 400,000. To increase it, we accumulate a number N of images (the effective full well charge capability is then Nx at ). The sensitivity also depends on the proportion of incoherent light. All the optical elements are anti-reflection coated. In practice, the incoherent light comes mainly from the biological sample itself. The specular reflexion on the sample surface is reduced by using water-immersion objectives. Most of the incoherent light comes from backscattering by structures in the whole volume of the sample. This light is however limited by the weak depth of field of the microscope objective. The amount of incoherent light coming from a biological sample represents -1% typically. The detection sensitivity also depends on the reference mirror reflectivity. The surface of a polished YAG crystal rod (refractive index -1 .8 at the wavelength of 700 nm) gives a reference reflectivity of 2%, which is close to optimum in most cases. With N = 15, the theoretical sensitivity (without sample) is 88 dB. We actually measured a sensitivity of 86 dB. We point out that the sensitivity is degraded by 5 dB when imaging inside a biological medium, due to the larger amount of incoherent light.
IMAGES
Stacks of en face tomographic images can be recorded by moving the sample step by step in the axial direction with a high precision motorized linear stage. Sections in any orientation can then be calculated from the three-dimensional data set. Several sections can be projected to obtain an image with extended depth of field. Movies can be made from a series of sections. A volume rendering image can also be computed and rotated to observe the sample in three dimensions.
The dynamic range of raw OCT images is extremely large. For image visualization, it is necessary to compress this dynamic range. Our OCT images are presented in logarithmic scale using 256 gray levels. We point out that the apparent resolution of images is considerably degraded when a logarithmic scale is used rather than a linear scale. On the other hand, the use of a logarithm scale compresses the relative variations in signal.
Various animal tissues have been imaged with our full-field OCT system. We present here images of the anterior segment of the rat eye (see Figure 2) . Different layers and membranes can be identified in the cross-sectional OCT image, such as the anterior corneal epithelium, the Bowman's membrane, the comeal stroma with keratocyte nuclei, the Descement's membrane, and the posterior endothelium. Different membranes of the eye lens are also revealed. The resolution is high enough to resolve the epithelial cells of the anterior comeal epithelium.
CONCLUSION
We have developed a white-light interference microscope as an alternative technique to conventional OCT for highresolution imaging of biological media. The experimental setup uses a Linnik interference microscope illuminated by a tungsten halogen lamp. The interference signal is modulated by making the reference minor oscillate with a piezoelectric stage actuator. En-face tomographic images are calculated in real-time by difference of two phase-opposed interferometric images recorded by a high-resolution CCD camera. Water-immersion microscope objectives (0.3 or 0.5 NA) and a low reflectivity reference mirror (2%) are used to reduce dispersion mismatch and attenuate unwanted reflections on the sample surface to enhance the detection sensitivity. The system offers better resolution (1 .0 im x 0.8 tim, transverse x axial) than OCT scanners using ultra-broad-bandwidth femtosecond lasers, with a considerably lower price. The detection sensitivity of our OCT system is less than that of laser-based OCT scanners which can reach 1 10 dB.'5 Our ultrahigh resolution OCT instrument is however efficient in imaging many immobile biological tissues. 
